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(54) Catalytic partial oxidation of hydrocarbons 

(57) Hydrocarbons are partially oxidised to form a 
gas mixture connprising carbon monoxide and hydro- 
gen. A mixture of a hydrocarbon containing gas and an 
oxygen-containing gas is contacted with a catalytically 
effective amount of a reduced metal catalyst consisting 



genetically of a transition or noble metal selected from 
nickel, cobalt, Iron, platinum, pallachium. Iridium, rhe- 
nium, ruthenium, monolith substrate under conditions 
that initiate the partial oxidation reaction. The reaction 
can be initiated at a temperatuie of less than 200**C. 
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' Description 

[0001] The present invention relates to the partial oxidation of hydrocarbons, and more particularly, to the partial 
oxidation of hydrocarbons to produce hydrogen and carbon monoxide in the presence of a metal catalyst. 
^ [0002] The conversion of hydrocarbons to hydrogen and carbon monoxide containing gases is well known in the art. 
Examples of such processes include catalytic steam reforming, autothenmal catalytic reforming, catalytic partial oxi- 
dation and non-catatytic partial oxidation. Each of these processes has advantages and disadvantages and produce 
various ratios of hydrogen and carbon monoxide, also known as synthesis gas. 

[0003] Partial oxidation is an exothermic reaction wherein a hydrocarbon gas, such as methane, and an oxygen- 
10 containing gas. such as air, are contacted with a catalyst at elevated temperatures to produce a reaction product 
containing high concentrations of hydrogen and carbon nDonoxide. The catalysts used in these processes are typically 
noble metals, such as platinum or rhodium, and other transition metals, such as nickel on a suitable support. 
[0004] Partial oxidation processes convert hydrocarbon containing gases, such as natural gas or naphtha to hydro- 
gen (H2), carbon monoxide (CO) and other trace components such as carbon dioxide (CO2), water (H2O) and other 
15 hydrocarbons. The process is typically carried out by injecting preheated hydrocarbons and an oxygen-containing gas 
into a combustion chamber where oxidatton of the hydrocarbons occurs with less than stoichiometric amounts of oxygen 
tor complete combustion. This reaction is conducted at very high temperatures, such as In excess of 700*C and often 
in excess of 1 ,000QC, and pressures up to 160 atmospheres. In some reactions, steam or carbon dioxide can also be 
injected into the combustion chamber to modify the synthesis gas product and to adjust the ratio of hydrogen to carbon 
20 monoxide. 

[0005] More recently, partial oxidation processes have been disclosed in which the hydrocarbon gas is contacted 
with the oxygen-containing gas at high space velocities in the presence of a catalyst such as a metal deposited on a 
ceramic foam monolith support. The monolith supports are innpregnated with a noble metal such as platinum, palladium 
or rhodium, or other transition metals such as nfckel, cobalt, chromium and the like. Typteally, these monolith supports 
25 are prepared from solid refractory or ceramk: materials such as alumina, zirconia. magnesia and the tike. During op- 
eration of these reactions, the hydrocarbon feed gases and oxygen-containing gases are initially contacted with the 
metal catalyst at temperatures in excess of 350QC, typically in excess of 600fiC, and at a standard gas hourly space 
velocity (GHSV) of over 10,000 hr^ and often over 100,000 hr"*. 

[0006] A drawback of these prior art partial oxidation processes is the relatively high temperature required for initiating 
50 the reaction. As stated above, the partial oxidation reaction is exothenmic and once the reaction is started, the heal of 
the reaction will maintain the elevated temperature without the additbn of external heat energy. However since the 
process requires temperatures in excess of 350QC to start or initiate the reaction, an external heat source is often 
required. Of course, this requires additional capital costs and adds engineering complexities to the process thereby 
reducing its commercial attractiveness. Therefore, there is an ongoing need for other altemative methods of initiating 
35 the reaction at lower temperatures. 

[0007] Furthermore, during the fomriation of synthesis gas by partial oxidation of hydrocarbons, small amounts of 
H2O and CO2 are also formed as a result of a combustion reaction. The combustion reaction is not desirable because 
it competes with the partial oxidation reaction for the available oxygen source, and results in lower than expected 
conversion of the hydrocarbons. Thus, it is desirable to minimize the formation of combustion products such as H2O 
"10 and CO2 and increase the selectivity for the desired products, H2 and CO. 

[0008] The present invention relates to partial oxidation of hydrocarbons using a metal catalyst. One aspect of the 
invention provides an improved process for the catalytic partial oxidation of hydrocarbons to produce hydrogen and 
carbon monoxide. The process permits the reaction to t>e initiated at lower temperatures than previously possible, 
thereby reducing operating and capital costs. The inventive process employing a metal catalyst on a ceria monolith 
support also exhibits higher conversions of hydrocarbons to synthesis gas and higher selectivity to hydrogen and 
carbon monoxide. 

[0009] In one aspect, the invention provides a process for the partial oxidation of hydrocarbons able to produce 
hydrogen and carbon monoxide with less than 3%, preferably less than about 2% carbon dioxide. The process com- 
prises contacting a mixture of a hydrocarbon-containing feed gas and an oxygen-containing feed gas with a catalytically 

50 effective amount of a reduced metal catalyst consisting essentially of a transition or noble metal selected from the 
group of nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium, osmium and combinations 
thereof supported on or in a ceria monolith support at a pressure of between about 1 and 20 atmospheres, with the 
feed gas mixture flowing at a standard gas hourly space velocity of about 50,000 to about 500.000 hr"", and a linear 
velocity of about 0.5 to 5.0 feet per second (f/s). 

55 [0010] In another aspect, the invention provides a process for the partial oxidation of hydrocarbons to produce hy- 
drogen and carbon monoxide by contacting a metal catalyst consisting essentially of a transition or noble metal selected 
from the group of nickel, cobalt, iron, platinum, palladium, iridium, rhenium, mthenium, rhodium and osmium and com- 
binations thereof supported on or in a ceria monolith support with a reducing environment to reduce the metal catalyst 
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nncludinq the ceria monolith support) and subsequently contacting the substantially reduced metal catalyst with a 
Sioirhy^rarbon-contairgfeedgasandanoxyg^^^ 

TeXs contSydrocarbons having from one to have carbon atoms, and said partial oxidation can be .n.t.ated at 

5 STra^eTeSat^^^ 

;ZiL The Inolilh subst;ate comprises titania and ceria, with a titania concentration of preferably between about 

01% and about 3% by weight and between about 75% and about 99.9% cena. ki« 

[00121 in another preferred aspect, the invention provides a metal catalyst compns.ng a trar^ifon or noble metal 
supported by a monolith substrate comprising between about 0.1% and about 3% tftania and between about 75% and 

print Sher preferred aspect of the invention, a process is provided for partial ^''^^Jf^^^-^^^^^^^^ 
carbon by contacting a feed gas mixture with a metal catalyst compns.ng a transition or noble metal supported by a 
monolith substrate comprising about 1% by weight of titania and about 99% of cena. 

Soi4) As stated above the present invention relates to partial oxidation of hydrocarbons by contacting a mjxture o 
hydrSarbon-containing gas and an oxygen-containing gas with a cataVtically effectr^e amount of a red"c«l 
cLiyst. one advantage of the invention is that ti makes possible high yields of synthesis gas while producing tess 
man Lut 3% {by volume) of each of carbon dioxide (CO^) and water (H^O). In some preferred embodiments. ca*on 
dioxide of less than about 2% and most preferably less than about 1 % are also achieved. '"^P^^^^^^^^^ 
CO ratios of at least about 4 preferably at least about 10. are also obtained. Another advantage of the invention is 
2tht nm t .e^.perale of the partial oxidation reaction can be below about 200eC. preferably below about 
10o4 The process according to the present Invention either reduces or eliminates the need for an external heat 
source to initiate the reaction thereby increasing the commercial attractKreness of the process. 
100151 The hydrocarbon-containing feed gas. which can be used with the present invention, will typically contain C, _ 
C3 aSanIs or alkenes, with the C^-C, alkanes preferred and methane most preferred. Of course, natural gas a^^^^ 
certain reflne-7 off gases containing methane or higher hydrocarbons can also be employed. Altematively. gasoline, 
dise. mlanoLd other sources of fuel may be adapted for use in the present process. The oxygen-contain.ng gas 
is typically air. but can be air enriched with oxygen, oxygen mixed with other gases, or even pure oxygen. 
oS ^he hydrocarbon-containing feed gas and the oxygen-containing feed gas can be in various ratios in the feed 
gas mixture The precise mixture of feed gases introduced into the reaction zone will depend on ,he particular hydro^ 
LZfchosen and the amount of oxygen necessary to conduct the partial oxidation reaction. OP^-^ -^Li; it 
easily determined by one skilled in the art. For the production of synthesis gas from natural gas or ^f ^^J^^ 
pried that the voLetric ratio of natural gas to oxygen present in the feed gas mixture exhibit a carbon to oxygen 
rc Oo^ ratio from about 1 .5 to 2.0, and more preferably from about 1 .6 to 1 .9. 

The process according to the invention typical^r employs a ceria monolith sut^strate for supporting a catatyst 
f'or clytic reactions. The ceria monolith substrate preferably further compr^ing ^ ^^^^^^^^ 

e.g.. up to about 3%, preferably between about 0.1% and about 3%. more preferably between about 0.5 /° an^ abou 
1 5% and most preferably about 1% by weight. The ceria monolith support structures preferably have a washcoa of 
leria and aTe cLSor impregnated with the catalyst. As used herein, "metal catalyst" refers to the entire catalyst 
structure including the metal and the monolith support or monolith substrate. ,.„.^„.rai „„» 

[0018] A monoJh support is generaly a ceramic foam-like or porous stmcture fomied from f^-^le s^^^^^^^^ 
having passages disposedin either an irregular or regular pattem with spacing behveenadjacentpassa^^^^ 

structural unit Is used in place of conventional particulate or granular catalysts which are less desirable in he partial 
Of I^drrart^ons, Examples of such irregular patterned monolith substrates include filters -^^^^^^^ 
m^SrExamples of regular patterned substrates include monolith honeycomb supports used for purrtying exhauste 
JlmLorve?k:lesandused'h,variouschemicalpr«^^^^^^ 

passages. Both types of monolith support structures made from conventional refractory or ceramic "'-^"f ^"^^^^ 
Lminlzirconia'^Jttria.andmixtureslhereof.arewellknownandcommerciallyava.labte 

inc.; Vesuvius Hl-Tech Ceramics. Inc.; and Pon/air Advanced Materials. Inc. Cena monolith substrates, if desired. 

comprising can be made using techniques analogous to those known in the art ^^^wm a mi»ti,re 

[0019] Although the monolith support used in the present invention Is made from cena *«''''^^>- ^^'^"/^ 

of cerium oxides' with Ce- and Ce- oxidation states (e.g., CeO, and Ce,0,) can also r /^JoTshal delude 
tern, Vena- includes allfomns of cerium oxides. It is understood thatacenamonolrthsubstrateorsupport^sh^^^^^^ 

not only substantially pure composrtions of cerium oxides, but also include composrt^ '^T'"^^\Z l^T^2 
orcerJnic materials wherein the ceria component is greaterthan about 75%. and preferably greaterthan about 90>^ 
of the total composition by weight. Examples of such materials include, but are not l«nrted to. zirconia. a umma yttna 
and mSmL thereof. In practSng certain embodiments of the Invention. H Is preferable that the monom substrate 
compTes a higher percentage of ceria. e.g. . a. least about 95% preferably about 99% of ceri^^^ 
it has beenfoundthatahigher percentage of ceria tends to resultlnalowerinitiat«n temperature for partial oxidatwn 
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• of hydrocarbons. Furthermore, the ceria monolith used herein will preferably have a porosity of between about 20 and 
aboul 80 pores per inch (ppi), and more preferably between about 40 and about 70 ppi. 

[0020] The ceria monolith substrates have been surprisingly found to be superior to conventional monolith substrates 
made primarily from other ceramic materials such as alumina, ztrconia and mixtures of such materials. Ceria is known 
5 to have oxygen storage capacity and it can exchange a certain quantity of oxygen atoms from its structure with the 
surrounding atmosphere, depending on the availability or lack of oxygen in the sunrounding. When oxygervstarved in 
this manner, it has been found to have a very strong affinity for oxygen, and the subsequent oxygen uptake can be 
exothermic, generating localized high temperatures. In addition, in the presence of ceria, the metal remains in a sub- 
stantially reduced form thereby rendering it catalylfcally more active. It is believed that this occurs since ceria prefer- 
10 entially picks up oxygen first. 

[0021] In another embodiment, the ceria monolith substrate further comprises titanla. A relatively small amount of 
titania (titanium oxide) is used primarily to improve the f abrrcation of the ceria monolith substrate and to achieve stability 
of the monolith substrate. For example, a monolith substrate of pure ceria, which has a relatively high thermal expansion 
coefficient, may experience substantial shrinkage upon cooling during the fabrication process. It is believed that such 

IS shrinkage results in the formation of cracks, especially in larger monolith substrates. It has been found that a small 
amount of titania added to a slurry of ceria used in fabricating the monolith substrate, significantly improves the fabri- 
cation process by reducing or eliminating cracks in the ceria monolith substrate. Such a monolith substrate may be 
used for supporting a catalyst for catalytic reactions, including partial oxidation and combustion reactions. Thus, titania 
should be present in a suitable amount to allow fabrication of crack-free and mechanically strong substrates, but its 
concentration should not be so high as to adversely impact on the effectiveness of the ceria monolith substrate in 
catalytic processes. The suitable amount of titania may further depend on the size of the substrate and dispersion of 
the titania within the ceria matrix. Although not exemplified, it is believed that an amount of titania of up to about 3% 
may typically be used. Higher amounts of titania may be operable, but are not deemed necessary to achieve the 
benefits of this embodiment. For example, titania is preferably present in the monolith substrate in an amount between 

^5 about 0.1 % and about 3%, preferably between about 0.5% and about 1 .5%, and more preferably about 1%, of the total 
composition by weight. Although the monolith substrate preferably consists essentially of ceria and titania. other ma- 
terials such as refractory metal oxide, e.g., zirconia, alumina, yttria and mixtures thereof, may also be present. 
[0022] As with conventional refractory or ceramk: monolith support materials, the present ceria monolith substrates 
are prepared by casting and firing at high temperatures as known in the art. A wash coat comprising ceria or a different 

30 refractory material is then applied to the ceria monolith substrate to increase the surface area within the monolith 
substrate. Typically, the wash coat will increase the surface area of the substrate from less than 1 meters/gramme {nf/ 
g) to at least 1 0 m^/g. Various ceramic foam structures and their preparation are described in the art and are generally 
known, and similar preparation techniques can be used here with the ceria and ceria/titania substrates. 
[0023] The metals used in the present catalysts are selected from certain transition and noble metals of the Periodk: 

35 Table of Elements. Suitable metals include nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rho- 
dium and osmium, with nrckel, platinum, palladium and rtiodium being preferred. More preferred are nrckel and rtiodium. 
The most preferred metal of this group is rhodium. The metals may be present on the monolith substrate in the form 
of metals, metal oxides, metal halides or other metal salts prior to being reduced. Upon reduction, as-described below, 
the metals will be substantially in the metallic fomri. Generally, from about 1 % to 1 0% by weight of the metal will be 

40 deposited on the monolith substrate (based on the weight of the monolith substrate), and preferably from about 3% to 
7% by weight, 

[0024] The metal is impregnated into the monolith substrate using conventional processes. For example, the ceria 
or ceria/lrtania monolith substrates are impregnated with a saturated metal salt solution and allowed to dry at room or 
elevated tennperatures. The substrate is then calcined under suitable conditions as generally known to the skilled 
^s artisan. 

[0025] The metal catalyst should be in a reduced state prior to use in the partial oxidation process, and the reduction 
can be carried out by contacting it with a reducing environment, preferably at an elevated temperature. For example, 
after reduction, the monolith substrate may comprise ceria with oxygen present In less than the stofchtometric amount 
relative to cerium, e.g., Ce02.x. Both the metal and monolith substrate should be substantially reduced. For example, 

so the reduction should be sufficient to remove the mobile oxygen from the substrate and bound oxygen from the metal. 
It was found that when the reduction of a ceria supported catalyst is carried out in substantially pure hydrogen at 
temperatures greater than about 200QC. the catalyst is sufficiently reduced to initiate the partial oxidation reaction of 
methane (CH4) at lower temperatures than previously possible. Alternatively, a lower initiation temperature was also 
achieved when a metal catalyst with a ceria substrate was exposed to a nitrogen purge gas at about 400QC. The degree 

55 of reduction of the catalyst is indcated by the speed of pickup of oxygen by the reduced catalyst when exposed to an 
oxygen containing atmosphere. If the catalyst is not sufficiently reduced, the reaction does not start until a temperature 
of greater than 350QC is reached. 

[0026] The partial oxidation process is conducted by contacting mixtures of the hydrocarbon-containing feed gas 
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and the oxygen-containing feed gas with the metal catalyst (ceria substrate) at contact times ranging from 1 to 500 
' milliseconds depending on the particular feed gases, catalyst, pressure and space velocity employed. Under typical 
• operating conditions, the feed gas will be introduced at a standard gas hourV space velocity of between about 50,000 
and about 500 000 hri and preferably between about 100.000 and about 200.000 hr\ The linear space velocity is 
5 about 0 5 to 5 0 feet per second. The process Is conducted at pressures from about 1 to about 20 atmospheres (atm) 
and preferably frbm about 1 to 5 atm. Generally, it has been found that higher space velocities can be employed with 
higher concentrations of oxygen in the oxygen-containing feed gas. 

[00271 When the inventive process is carried out with air and methane in the feed gas mixture having a carbon to 
oxyqen (C O,) ratio of about 1 .7, at a pressure of about 1 .5 atm. and at a standard gas hourly space velocity of 120,000 
10 hri a gas mixture containing about 40% (by volume) nitrogen, 36% hydrogen, 18% carbon monoxide and trace 
amounts of methane, carbon dioxide and water is produced at about 800°C. The product gas contains less than 3^ 
carbon dioxide, preferably less than about 2^'o. and most preferably less than about 1 % carbon dioxide. 
[00281 As mentioned above, the metal catalyst is a singular unit of varying dimensions depending on the size and 
design of the reactor. In a preferred embodiment, the reactor is a pipe or lube of suitable material and construction 
15 having a diameter ot between about 1 and 1 00 inches (between 2.54 cm and 254 cm). The feed gas mixture is fed 
into one end and the partial oxidation reaction occurs on the metal catalyst with the product gas exiting from the other 
end The metal catalyst can also be comprised of multiple monolith units to fonm an assembly of units disposed in end- 
to-end arrangements. It is preferred that the metal catalyst have a porosity and orientation so as to minimize the pres- 
sure drop ot the feed gas through the cataVst. Moreover, multiple individual reactors can be used lo form an assembly 
20 of reactors disposed in a side-by-side arrangement for increased production. For example, multiple pipes or tubes can 
be packed together as an assembly lo form a single reactor unit with each individual pipe containing the metal catalyst. 
[00291 The partial oxidation process of the present invention utilizing the metal catalyst permits the reaction to be 
Initiated at temperatures substantially below about 350J2C. preferably below 200QC. In order to start the reaction at 
low temperatures, it is important that the metal catalyst be in the substantially reduced form prior to contacting the 
25 catalyst with the feed gas mixture. In the most preferred embodiment, the partial oxidation reaction is initiated at tem- 
peratures of less than about lOCC. For the purpose of partial oxidation process, the feed gas mixture of interest 
preferabV has a carbon to oxygen (CrOg) ratio between about 1 .5 and about 2, more preferably between about 1.6 
and about 1 .9. It is understood, of course, that reactions having C:02 ratios of less than about 1 5 can also be conducted 
at low initiation temperatures using metal catalysts of the present invention. However, these reactions may be charac- 
30 terized more as combustion-like processes, instead of partial oxidation processes. In general, feed gas mixtures having 
higher C ratios tend lo require higher initiation temperatures. However, the use of metal catalysts of the present 
invention allows partial oxidation reactions lo be initiated at relatively low temperatures such as below about 100'C, 
even for COz ratio as high as 2. Thus, embodiments of the present invention provide an important advantage over 
conventional partial oxidation processes. . 
[0030] Aside from the CrOj ratio, the initiation temperature also depends on the number of carbon atoms contained 
in the hydrocarbon fuel. In general, the tower hydrocarbons (i.e.. those with less cart)on atoms) require higher temper- 
atures for initiation of the partial oxidation reactions. Therefore, embodiments of the present invention are particularty 
well-suited for use with lower hydrocarbons, e.g., those containing less than 5 cart)on atoms, especially methane, 
enabling partial oxidation reactions to be initiated at reduced temperatures. Although higher hydrocarbons may not 
benefit as much as far as initiation temperatures are concerned, embodiments of the present invention can still provide 
other benefits, such as improved selectivity and higher product yields for Hj and CO. compared with conventional 
processes carried out using other catalysts. 

[0031] In another embodiment of the present invention, the metal catalyst is pre-treated. or reduced in situ by ex- 
posing the metal catalyst to an exothemnic reaction in the presence of a reducing environment prior to conducting the 

4S partial oxidation reaction. For example, the metal catalyst can be contacted with a mixture of 4 to 1 0% hydrogen and 
1 to 2% oxygen in nitrogen at a gas hourty space velocity of between 4000 and 1 0,000 hri, and at temperatures of 
less than about 200QC, preferably at room temperature. Since the hydrogen/oxygen reaction is highly exothennic. it 
heats up the catalyst. Furthermore, by having an excess of hydrogen in the pre-treatment feed mixture, a reducing 
atmosphere is rendered, so that the catalyst is reduced at the elevated temperature. Such a reaction will reduce the 

50 metal catalyst while at the same time elevate the temperature of the metal catalyst to a level at which the partial 
oxidation reaction can be initiated. Once the metal catalyst reaches the initiation lemperature. e.g., less than about 
200»C. the hydrogen/oxygen reaction is terminated. The partial oxidation reaction Is then initiated by contacting a feed 
gas mixture of hydrocarbon-containing and oxygen-containing gases (with a CO^ ratio between about 1.5 and 2.0) 
with the metal catalyst. Thus, the in-situ catalyst pre-treaiment allows the cata^st to be reduced and pre-heated in a 

55 single step The use of such a pre-treatment reaction will also eliminate the need for an external heat source thereby 
reducing the capital costs of the process. As the partial oxidation process commences, the reaction will continue to 
transfer heat energy to the catalyst raising the temperature of the catalyst to a range of about 500»C to 1 0OOQC. 
[00321 As mentioned above, it has also been found that when the metal catalyst fe more completely reduced, the 
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' reaction can be initiated at lower temperatures. Thus, ft is preferred that the metal catalyst be substantially reduced in 
order to initiate the reaction at temperatures below about lOOoC. The metal catalyst may be reduced, prior to being 
used In a partial oxidation reaction, by exposing it to a reducing agent such as Hg. Altemately, the metal catalyst can 
also be reduced simply by conducting a partial oxidation reaction with the metal catalyst exposed to a reducing atmos- 

5 phere. Such a reducing atmosphere may, for example, be characterized by a high C;02 ratio. Once the metal catalyst 
is used in the partial oxidation reaction, it Is converted Into a reduced state. The reduced metal catalyst will remain in 
the reduced state as long as it Is not exposed to air or oxygen alone. Thus, a synthesis gas plant, after a plant shut- 
down, may be re-started with a feed gas mixture of natural gas and air at about 100*C or lower, without the need for 
further treatment of the metal catalyst. 

10 [0033] Alternatively, a reduced fomn of the metal catalyst may also be obtained by purging In pure under high 
temperature conditions. Furthermore, in the case of freshly prepared metal catalyst, which is already reduced, e.g.. by 
using hydrogen in a furnace, a pre-heating of the catalyst up to about ^00^C may suffice to allow initiation of partial 
oxidation reactions. Such pre-heating of the catalyst may be carried out by using hot nitrogen, or an exothermic reaction 
involving hydrogen and oxygen. 

15 [0034] It has also been surprisingly observed that, when using the inventive process, the conversion of methane to 
hydrogen and carbon monoxide is in the range of about 1 0% to 15% higher than would be expected from conventional 
partial oxidation processes. Most importantly, the production of unwanted components, especially carbon dioxide, is 
minimized. 

[0035] The following examples illustrate the improved partial oxidation process using a metal catalyst with a ceria 
20 monolith substrate of the present invention. Both laboratory and pilot plant reactors have been used for partial oxidation 
reactions. In general, reactions carried out in a pilot plant reactor provide better perfonmance results compared to a 
laboratory reactor, probably as a result of lower heat loss in the pilot plant reactor. 

EXAMPLE 1 

25 

[0036] A ceria monolfth with a ceria washcoat having 65 pores per inch, and obtained from Vesuvius Hi-Tech Ce- 
ramics, was impregnated with 6.4 % by weight of rhodium metal to prepare the metal catalyst. A laboratory scale reactor 
containing the reduced metal catalyst monolith was purged wfth nitrogen gas at400QC for 15 minutes and then cooled 
to about 110QC, still in the presence of nitrogen gas. 
30 [0037] A gas mixture containing 45.1% by volume of methane. 26.2% by volume of oxygen and 28.7% by volume 
of nitrogen was then passed into the reactor containing the metal catalyst at a space velocity of 70,000 hr^ and a 
temperature of about 11 0£2C. The reaction was initiated at this temperature and there resulted a rapid rise in the reactor 
temperature to above BOO^C with the production of hydrogen and carbon monoxide. 

35 EXAMPLE 2 

[0038] The metal catalyst produced in Example 1 was purged with pure hydrogen gas at 200oc for about 30 minutes 
in a reactor, then the reactor was cooled to about 50QC while still in the presence of hydrogen gas. The hydrogen flow 
was stopped and the reaction mixture employed in Example 1 was then passed over the metal catalyst at a space 
40 velocity of 70,000 hr^ and a temperature of 60**C. The partial oxidation reaction commenced at this temperature and 
the reactor temperature rapidly rose to ak>ove SOO^'C with the production of hydrogen and carbon monoxide. 

Comparative Example A 

4S [0039] A metal catalyst was prepared as described in Example 1 , except the monolith support was made of zirconia 
(commercially obtained from Vesuvius Hi-Tech Ceramics). The same amount of rhodium metal was loaded on the 
zirconia support. 

[0040] When attempting to start the reaction by following the procedures described in Example 1 using a hot nitrogen 
purge or Example 2 using a hot hydrogen purge, the reaction could not be initiated until a temperature of about SSO^'C 

50 was reached. 

EXAMPLE 3 

[0041] A partial oxidation reaction was initiated following the same procedure as described in Example 1 with the 
55 same metal catalyst which was used in Examples 1 and 2. A gaseous mixture containing 14.2% by-volume of oxygen, 
60.2% by volume of nitrogen and 25.6% by volume of methane was then fed to the reactor containing the monolith 
catalyst (instead of the mixture which was used to Initiate the reaction) at a space velocity of 120,000 hr^. The reaction 
temperature remained at about 700QC. 
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[00421 The resulting product gas contained 27.4% hydrogen, 13.3% carbon monoxide and 48.7% nitrogen, with 2.7% 
carbon dioxide 5 8% methane and 2.1% water. The conversion rate of methane and the yield of hydrogen and carbon 
monoxide were calculated from the measured concentrations in the product. The results are shown in Table 1 below. 



5 Comparative Example B 



10 



15 



100431 A comparative example was prepared as described in Example 3 except the monolith support was made of 
zirconia (also commercially obtained from Vesuvius Hi-Tech Ceramics). The reaction was initiated at about 350oc. 
The conversion and yield measurements were calculated as in Example 3 and the results are shown in Table 1 . 



Table 1 





CH4 Conversion 


Yield [(H2 + COyCHJ 


Example 3 


86.2% 


2.34 


Comparative Example B 


76.2% 


2.02 
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EXAMPLE 4 

[0044] A partial oxidation reaction similar to Exarrple 3 was initiated using the same feed gas mixture. However, in 
this example heat loss from the reactor was reduced or eliminated by minimizing the temperature difference between 
the reactor and its surroundings. The reaction temperature was maintained at about 800»C. The resulting product gas 
contained 31 2% hydrogen, 1 6.6% carbon monoxide and 45.3% nitrogen, along with 2.0% carbon dioxide, 2.3% meth- 
ane and 2 6% water. It Is believed that the reduced heat loss (compared to Example 3) led to improved reaction per- 
formance such as an increase in the COtCOg ratio from about 5 to at least about 8. Example 4 also resulted in improved 
CH. conversion and product yield when compared with a comparative example using a zirconia-based monolith sub- 
strate For example, a CH4 conversion of about 87.8% and a synthesis gas yield [(H2+COVGH4] ot about 2.48 were 
obtained, compared with about 78.6% conversion and a yield of about 2.14 in the case ot the zirconia-based monolith 
substrate. 

EXAMPLE 5 

[00451 A two-layer catalyst assembly comprising a 7" diameter, 14" thick ceria monolith impregnated with about 6 wt. 
% Rh in the reduced fomi. followed by a 7" diameter, 1 » thick zirconia monolith similarly loaded with Rh, was held in 
a pilot plant reactor, whteh is refractory-lined. Hot nitrogen was passed over the metal catalyst to heat the catalyst from 
an initial temperature of about 24»C to about 100»C in about 10 minutes. The nitrogen flow was then stopped, and a 
flow of a gas mixture containing air and natural gas (29% natural gas, 14.8% O2. balance nitrogen), with a CrOj ratio 
of about 2 was commenced at a rate of about 2500 standard cubic feet per hour (SCFH).-Th6 catalyst layers are 
arranged such that the feed gas mixture first comes in contact with the catalyst supported on the cena monolith. Initiation 
of the reaction was Indicated by a sudden rise in the catalyst temperature which reached over 600'C in less than 3 
minutes with a product composition showing the presence of about 30% and 15% CO. This example shows that 
even with the high CO^ ratio and high nitrogen content in the feed gas mixture, the reaction can still be 'nrtiated at 
less than about lOO'C. The final gas product, which was dried before analysis, has a composition of 36.2% Hj, 19.5^ 
CO 0 7% CO, less than about 1% CH4 and balance Ng. When identical experiments in the same pilot plant reactor 
were performed with Rh loaded on a zirconia based substrate alone, i.e., without the cena monolith substrate, 
initiation of the partial oxidation reaction always required a temperature of about 350»C. . ,^ ^ , 

[00461 The above examples illustrate the initiation of partial oxidation of methane at temperatures substantially below 
about 350"*C e g below about 200^, and preferably below about 1 0O'C, when using the inventive process with feed 
gas mixtures' having high C Oj ratios. Example 5 further illustrates that partial oxidation of hydrocart)ons. indudipg 
those with low number of cart)on atoms such as methane, can be perfomied at low initiation temperatures even with 
air as opposed to oxygen-enriched air or pure oxygen. As shown in Table 1, the present process employing rhodium 
sujjported on a ceria monolith exhibited higher methane conversion rates than rtiodium supported on a zirconia mon- 
olith In addition, the yield of hydrogen and carbon monoxide (synthesis gas) was appreciably higher for the inventive 
process Furthermore, the above examples iPustrate that a high CO selectMty can also be achieved. For example, a 
C0;C02 ratio of at least about 4 or 5 is readily obtained in the product compositions, and ratios of at lea^ about 10. 
or even above 20 can also be achieved. 

[0047] It should be understood that the subject invention is not limited by the examples set forth above. The scope 
of this invention is intended to include equivalent embodiments, modificattons and variations falling within the scope 
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of the attached claims. 



Claims 

1 . A process for the partial oxidation of hydrocarbons to produce hydrogen and carbon monoxide, the process com- 
prlsing contacting a mixture of a hydrocarbon containing feed gas and an oxygen containing feed gas with a cat- 
alyticaily effective amount of a reduced metal catalyst consisting essentially of a transition or noble metal selected 
from the group of nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium, osmium and com- 
binations thereof supported on or in a ceria monolith substrate at a pressure of between 1 and 20 atmospheres, 
a feed gas standard gas hourly space velocity of 50,000 to about 500,000 hr"" , and a linear velocity of 0.5 to 5.0 ft/s. 

2. A process for the partial oxidation of hydrocarbons to produce hydrogen and carbon monoxide comprising first 
contacting a metal catalyst consisting essentially of a transition or noble metal selected from the group of nickel, 
cobalt, iron, platinum, palladium, indium, rhenium, ruthenium, rhodium, osmium and combinations thereof sup- 
ported on or in a ceria monolith substrate with a reducing environment to reduce said metal catalyst and its support 
materials and subsequently contacting said reduced metal catalyst with a mixture of a hydrocarbon-containing 
feed gas and an oxygen-containing feed gas; wherein said hydrocarbon-containing feed gas contains hydrocar- 
bons having from one and five carbon atoms, and said partial oxidation can be initiated at temperatures less than 
about 200'*C. 

3. A process according to claim 1 or claim 2, wherein said partial oxidation reaction is initiated at a temperature of 
below 200'C. 

4. A process according to claim 3, wherein said initiation temperature is below 100*^0. 

5. A process according to any one of the preceding claims, wherein said catalyst is reduced in situ. 

6. A process according to any one of the preceding clatnns, wherein said hydrocarbons containing feed gas comprises 
a CI to C5 alkane. 

7. A process according to any one of the preceding claims, wherein said product gas mixture has a carbon monoxide 
to carbon dioxide ratio of at least 4:1 . 

8. A process according to any one of the preceding clainr^, wherein the product gas mixture connprises hydrogen, 
carbon monoxide, and carbon dioxide, and the product gas mixture includes less than 3% (by volume) of carbon 
dioxide. 

9. A process according to any one of the preceding claims, wherein said partial oxidation occurs In the absence of 
an external heat source. 

10. A process according to any one of the preceding claims, wherein said criteria monolith substrate comprises at 
least 75% by weight of ceria. 

11. A process according to claim 10, wherein said ceria monolith substrate additionally comprises titania. 

1 2. A process according to claim 1 1 , wherein said ceria monolith substrate comprises between 0.1% and 3% by weight 
of titania and between 75% and 99.9% by weight of ceria. 

13. A process according to any one of the wherein said monolith substrate is porous, having a porosity between 20 
and 80 pores per inch, (between 8 and 32 pores per cm). 
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